Abstract. Before induced pluripotent stem cells (iPSCs) can be used to treat neurologic diseases, human iPSC-derived neural cells must be analyzed in the primate brain. In fact, although mouse and human iPSCs have been used to generate dopaminergic (DA) neurons that are beneficial in rat models of Parkinson's disease (PD), human iPSC-derived neural progenitor cells (NPCs) have not been examined in primate brains. Here, we generated NPCs at different stages of predifferentiation using a feeder-free culture method, and grafted them into the brains of a monkey PD model and NOD-SCID mice. Magnetic resonance imaging (MRI), positron emission tomography (PET), immunocytochemistry, and behavioral analyses revealed that NPCs pretreated with Sonic hedgehog and fibroblast growth factor-8 followed by glial cell-derived neurotrophic factor, brain-derived neurotrophic factor, ascorbic acid, and dibutyryl cyclic AMP resulted in smaller grafts than those without these treatments, and survived as DA neurons in a monkey brain as long as six months. Thus, for the first time, we describe a feeder-free neural differentiation method from human iPSCs and an evaluation system that can be used to assess monkey PD models.
INTRODUCTION
Induced pluripotent stem cells (iPSCs) are a promising avenue for cell replacement therapy in neurologic diseases. For instance, mouse and human iPSCs have been used to generate dopaminergic (DA) neurons that improve symptoms in rat Parkinson's disease (PD) models [1, 2] . For these cells to be used clinically, however, the growth, differentiation, and function of human iPSC-derived neural cells must be evaluated in a primate model. Transplantation of embryonic neural tissues has been shown to relieve parkinsonian symptoms both in animal models and human patients [3] [4] [5] . In addition, we and others have transplanted monkey embryonic stem cell-derived neural progenitor cells (NPCs) [6, 7] or human NPCs [8] into the brains of monkey PD models. Human iPSC-derived NPCs have yet to be characterized in a primate brain, however. Furthermore, neuronal differentiation and transplantation methods need to be optimized. In this study, we developed a series of methods to induce human iPSCs to become NPCs using a feeder-free culture method, and grafted NPCs at different stages of predifferentiation into the brain of a monkey PD model. We then examined the growth and DA activity of the grafts using magnetic resonance imaging (MRI), positron emission tomography (PET), immunocytochemistry, and behavioral analyses.
MATERIALS AND METHODS

Human iPSC culture
Human iPSCs (253G4) were maintained as previously described [9] . For passage, feeder cells were detached using CTK dissociation solution (0.25% trypsin, 0.1% collagenase IV, 20% KSR, and 1 mM CaCl 2 in PBS). The detached iPSC clumps were broken into smaller pieces (20-30 cells) by gentle pipetting, and split at 1 : 3. The cells were used in experiments between passage 20 and 50.
Induction of NPCs from human iPSCs
Human iPSCs were dissociated into single cells using Accumax (Innovative Cell Technologies) and quickly reaggregated in differentiation medium (9000 cells/150 ml/well) in 96-well low cell-adhesion plates (Lipidure-Coat U96 w; Nunc). Differentiation medium contained DMEM/F12 supplemented with 5% KSR, 2 mM glutamine, 0.1 mM nonessential amino acids, and 0.1 mM 2-mercaptoethanol. For the first three days, 50 M Y-27632 (Wako) [10, 11] , 2 M dorsomorphin, and 10 M SB-431542 [12] were added to the culture medium. On day 14, iPSC-derived spheres were replated on 6-cm Petri dishes containing neurobasal medium (Gibco) supplemented with B-27 and 2 mM L-glutamine. For the indicated samples, 200 mg/ml Sonic hedgehog (Shh) and 100 mg/ml fibroblast growth factor (FGF)-8 were added on days 14-28. After day 28, the medium was replaced with neurobasal medium supplemented with B-27, 2 mM L-glutamine, 2 ng/ml glial cell-derived neurotrophic factor (GDNF), 10 ng/ml brain-derived neurotrophic factor (BDNF), 1 mM dibutyryl cyclic AMP (dbcAMP), and 200 nM ascorbic acid.
Quantitative reverse transcription-polymerase chain reactions (RT-PCRs)
Total RNA was extracted using an RNeasy Mini Kit (Qiagen), and reverse transcribed using the Super Script III First-Strand Synthesis System (Invitrogen). Quantitative PCRs were carried out with SYBR Green mix (ABI) and the ABI StepOne Plus RT-PCR system. Data was assessed using a standard curve and normalized based on ␤-actin expression. Primer sequences are shown in supplementary Table 1 .
Immunocytochemistry
In vitro immunohistochemical analyses were carried out after samples were permeabilized and blocked with 0.3% Triton X-100 and 2.5% donkey serum. Spheres were fixed with 4% paraformaldehyde, frozen, and cut with a cryostat (Leica) at 10-m thickness. Primary antibodies are shown in supplementary Table 2 . Appropriate donkey secondary antibodies conjugated with Alexa 488 or Alexa 594 were used. For nuclear staining, 200 ng/ml 4 ,6-diamidino-2-phenylindole was added to the final wash. Immunoreactive cells were visualized using a fluorescence microscope (BZ-9000, Keyence) and a confocal laser-scanning microscope (Fluoview FV1000D, Olympus). For quantification, cells in more than three randomly selected 40× fields were counted from at least three independent cultures. In in vivo studies, animals were transcardially perfused with 4% paraformaldehyde. The excised brain was frozen, cut with a microtome at 40-m thickness, and stained as free-floating sections. In mice, tyrosine hydroxylase (TH) + cells and Ki67 + cells were counted among 3.0 × 10 3 cells in at least five 40× fields for each graft. In the monkey, TH + cells were counted in every ninth section throughout the graft using BZ Analyzer II (Keyence), whereas Ki67 + cells were counted in at least three 40×fields for one tract and 3.0 × 10 4 cells were examined in each graft. Hematoxylin-eosin (H-E) staining was performed according to standard procedures.
Animals and cell transplantation
An adult male cynomolgus monkey (Macaca fascicularis; 3 years old) weighing 2.63 kg was obtained from Shin Nippon Biomedical Laboratories (Kagoshima, Japan). The monkey and mice were cared for and handled according to the Guidelines for Animal Experiments of Kyoto University and the Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources (Washington, DC, USA). To create a parkinsonian model, the monkey was injected intravenously with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) HCl (0.4 mg/kg as a free base; Sigma-Aldrich) twice a week until we observed persistent parkinsonian symptoms, such as tremor, bradykinesia, and impaired balance. Stable parkinsonian symptoms were observed for more than 12 weeks before the animal was used for the experiments. The coordinates of the targets were obtained using MRI, and human iPSC-derived NPCs were stereotactically transplanted into the bilateral putamen of the MPTP-treated monkey (d28 spheres on the right side, d42 spheres on the left side). The sphere suspension was prepared at 1 × 10 5 cells/l, and 1 l of this suspension was injected along six tracts on each side (four injection sites/tract; 4.8 × 10 6 cells/animal). After surgery, the monkey was given antibiotics for three days and a daily intravenous immunosuppressant (FK506, 0.05 mg/kg; Astellas Pharma) until sacrifice. Average trough values of circulating FK506 were 14.0 ng/ml (n = 3). Five-week-old male NOD/ShiJic-scid/Jcl mice (CLEA Japan) were also used as transplant recipients. Using a 26-gauge needle, each mouse received a stereotactic injection of 1 l of cell solution (253G4-derived cells: 1 × l0 5 cells/l) in the right side of the striatum (from the Bregma: A +0.5, L +1.8, V +3.0, incisor bar 0). Six months after transplantation, the animals were sacrificed and analyzed.
MRI
T1-and T2-weighted images were obtained using a 3-Tesla MRI scanner (Siemens Healthcare) and an 8-channel receiving coil (see Supplementary Methods for details of the MRI scans). Graft volume was analyzed using Functional Magnetic Resonance Images of Brain (FMRIB) Software Libraries [13] . In T1-and T2-weighted images, nonbrain structures were removed using the Brain Extraction Tool [14] and were coregistered with each other based on rigid body transformation using FMRIB's Linear Registration Tool [15] . Next, to identify the graft region, we subjected T1-and T2-weighted images to automated segmentation using the Fast Automated Segmentation Tool [16] , which is based on a hidden Markov random field model and an associated expectation-maximization algorithm. We segmented and searched a multichannel set of T1-and T2-weighted images of different tissue types. This process reproducibly identified white matter, gray matter, cerebrospinal fluid (CSF) space (plus graft region, if any), and putamen. Next, partial volume images for the CSF plus graft were thresholded at 30%, binarized, and manually edited to remove the CSF region. The resulting segment image of the graft was used to calculate the graft volume.
FLT) (37 MBq/kg in 2.0 ml of saline) was intravenously delivered within 10 sec under anesthesia via continuous infusion of propofol (10-20 mg/kg/hr). For [ 18 F]DOPA PET scans, a solution of carbidopa (10 mg/kg) was administered intravenously 5 min prior to the scan to minimize peripheral decarboxylation of [ 18 F]DOPA. PET images were acquired using a microPET Focus-220 system (Siemens Healthcare) with a scan duration of 90 min in three-dimensional list mode (see Supplementary Methods for preparation steps and image analysis). The axial and transaxial resolutions of the PET scanner were 1.35 mm at full-width half-maximum. Transmission scanning was performed for 30 min with a rotating 68Ge-68Ga pin source (18.5 MBq) to determine the attenuation factor for image reconstruction just before an emission scan. PET images of [ 18 F]FLT summed over 60 min (30-90 min after the injection) were converted into standardized uptake values and used for further imaging analysis. To determine anatomic locations, PET images were coregistered onto magnetic resonance images using a three-dimensional rigid-body alignment program from image analysis software (PMOD).
Behavioral analysis
The behavior of the monkey was evaluated according to a previously described rating scale for monkey PD models [6] . The normal and minimum score is 0, whereas the maximum total score is 24. The evaluation was performed by a trained examiner who was not involved in the cell transplantation procedure. Spontaneous movements were measured as previously described [17] . Video records were analyzed using the Vigie Primates video-based analysis system (View Point, Lyon, France), and changes in pixels from one image to the next were counted every 66.67 ms. Movements were categorized into one of three levels based on the number of pixel changes per 66.67 ms (large: more than 501 pixels; medium: 101 to 500 pixels; small: less than 100 pixels). The total time spent making each type of movement was then determined. During the raisin pick-up test, the monkey was placed in a special cage with a small slit through which it could pick up a raisin placed 20 cm from the cage. During a single session, the monkey reached for 20-24 raisins (10-12 raisins on each side).
Dopamine release assay
Accutase (Innovative Cell Technologies) was used to dissociate d28 spheres into small pieces, which were cultured on poly-L-ornithine/ laminin-coated culture dishes with neurobasal/B-27 media containing BDNF, GDNF, dbcAMP, and ascorbic acid. Fourteen days later, cells were washed twice with low-concentration KCl solution (20 mM HEPESNaOH at pH 7.4, 140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , and 11 mM glucose) and incubated in the low-concentration KCl solution for 2 min. The medium was subsequently replaced with 1 ml of high-concentration KCl solution (20 mM HEPES-NaOH at pH 7.4, 85 mM NaCl, 60 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , and 11 mM glucose) and the samples were incubated for 15 min. The solution was then collected and the dopamine concentration was determined using high-performance liquid chromatography (HPLC), including a reverse-phase column and an electrochemical detector system (HTEC-500, Eicom, Japan). Data were obtained from three independent experiments.
Flow cytometry
Cells were harvested on day 14 using Accumax, gently dissociated into single-cell suspensions, and resuspended in phenol-free HBSS (Gibco) containing 1% bovine serum albumin and 0.03% NaN 3 . Samples were filtered through cell strainer caps (35-m mesh; BD Biosciences) and subjected to surface marker staining using anti-PSA-NCAM antibodies (Chemicon). Primary antibodies were added, the samples were incubated at 4 • C for 30 min, and the cells were washed twice with HBSS buffer. Secondary antibodies were then added and the samples were incubated at 4 • C for 30 min. Dead cells and debris were excluded based on 7-AAD staining. Analyses were performed using a FACSAriaII cell sorter and FACSDiva software (BD Biosciences).
Statistical analysis
Statistical analyses were performed using a commercially available software package (GraphPad Prism, GraphPad Software). Data were analyzed using one-factor ANOVA and Tukey's post-hoc analysis, except for the raisin pick-up test ( Fig. 6E ; Student's t-tests). Differences were considered statistically significant when P < 0.05 (*P < 0.05, **P < 0.01, or ***P < 0.001).
RESULTS
Neural differentiation from human iPSCs using serum-free floating cultures
To generate NPCs, we cultured human iPSCs (253G4) [9] as floating spheres in serum-free medium, such that the cell suspension (9000 cells/well) formed one sphere in each well (Fig. 1A) . On day 7, the spheres contained primarily Pax6 + neuroepithelial cells (Fig. 1B) and a small number of Oct3/4 + cells (Fig. 1C) . On day 14, almost all cells were immunopositive for both Nestin and Pax6 (Fig. 1D) , whereas a small population expressed Tuj1 (Fig. 1E ) and no Oct3/4 + or Nanog + cells were observed (data not shown). Furthermore, flow cytometric analysis on day 14 detected the neural cell surface marker PSA-NCAM on 99.8 ± 0.1% of the cells (Fig. 1F) , indicating that the cells were committed to a neural lineage. We then replaced the culture medium with neurobasal medium, and continued the floating culture in the presence or absence of Shh and FGF8. After a 2-week expansion period (days 14-28), immunocytochemistry revealed that most of the cells were Tuj1 + and 3.14 ± 1.38% of them were TH + on day 28 (Fig. 1G, H, K) . Next, we removed Shh and FGF8, and added BDNF, GDNF, ascorbic acid, and dbcAMP to promote maturation of DA neurons. After another 2-week expansion period (days 28-42), the percentage of TH + DA neurons among the Tuj1 + neurons in the spheres increased to 85.46 ± 3.13% (Fig. 1I-K) . Quantitative RT-PCR analyses revealed that expression of undifferentiated cell markers (Oct3/4, Nanog) decreased, whereas expression of neural cell markers (Sox1, Pax6) markedly increased between days 0 and 14 ( Fig. 1L ; supplementary Figure 1 ). Between days 14 and 42, expression levels of TH gradually increased, indicating that the cells moved to a DA fate. Together with neural differentiation, expression levels of introduced genes (Sox2, Klf4) increased slightly, whereas c-Myc expression did not markedly change (supplementary Figure 1) . Based on these results, we compared spheres obtained on day 28 (d28 spheres) and day 42 (d42 spheres) in in vivo experiments.
To assess the development of the human iPSCderived NPCs in our neural differentiation system, we induced DA maturation by culturing d28 spheres on poly-L-ornithine/laminin-coated slides in the presence of BDNF, GDNF, ascorbic acid, and dbcAMP. Two weeks later, the cells extended Tuj1 + neurites and most cells were TH + (Fig. 1M-O) . In addition, HPLC revealed that the cells secreted dopamine into the culture medium in response to high potassium concentrations (196 ± 138 pg/ml; Fig. 1P ). Thus, our system produced functional DA neurons from human iPSCs without feeder cells.
Graft growth in NOD-SCID mice
We then compared growth and DA cell differentiation in d28 and d42 spheres in the brains of NOD-SCID mice. Spheres with or without Shh and FGF8 treatment (days 14-28; Fig. 1A) were grafted into the right striatum, and the animals were subjected to immunohistologic studies at 6 months. Grafts derived from d28 spheres (d28 grafts) were significantly larger than d42 grafts ( Fig. 2A, B, E) . iPSC-derived TH + cells were observed in these grafts, which also expressed the midbrain DA neuron marker Nurr1 (Fig. 2C, D) . Significantly more TH + cells were observed in d28 grafts without Shh and FGF8 treatment than in d42 grafts with Shh and FGF8 treatment (Fig. 2F) , although no significant differences were noted for TH + cell density in the grafts (Fig. 2G) .
Graft growth in an MPTP-treated monkey
We grafted d28 and d42 spheres into the right and left putamina, respectively, of an MPTP-treated cynomolgus monkey (Fig. 3A) . Six months after transplantation, MRI showed that grafted cells survived and proliferated in the monkey brain (Fig. 3B) . Because MRI of the grafts matched results obtained from H-E staining of brain slices (supplementary Figure 2) , we used MRI to measure graft sizes in each tract (Fig. 3C, supplementary Figure 3 ). For d28 grafts, cells treated with Shh and FGF8 resulted in significantly larger grafts (172.25 ± 3.07 mm 3 , P < 0.001) than those obtained with untreated d28(-) cells (39.21 ± 6.18 mm 3 ). In contrast, d42 grafts were significantly smaller than d28(+) grafts, and did not significantly differ based on Shh and FGF8 treatment (19.36 ± 8.28 mm 3 and 22.79 ± 9.72 mm 3 with and without Shh and FGF8, respectively). Between 3 and 6 months, the average doubling times of the d28 grafts with and without Shh and FGF8 were 101 days and 257 days, respectively, whereas those of the d42 grafts were 271 days (the L4 graft was omitted because it stopped expanding) and 148 days, respectively (supplementary Figure 3) . In each case, the doubling time between 3 and 6 months post-transplantation was longer than that observed between 1 and 3 months, indicating that the grafts were expanding more slowly. PET with [ 18 F]FLT-a fluorinated thymidine analog-has been previously used to evaluate cell proliferation, for example, in the diagnosis of malignant brain tumors [18] . In this study, however, focal uptake of [ 18 F]FLT was not observed in the 6 months after transplantation (Fig. 3D) , and standard uptake values in representative grafts ranged between 0.04 and 0.11 (Fig. 3E) . Based on an average standard uptake value of 0.12 in the preoperative monkey, these values were relatively low.
H-E staining showed more cell accumulation in d28 grafts (Fig. 4A ) than in d42 grafts (Fig. 4D) . In addition, immunohistochemical analyses revealed more Vimentin + cells and fewer Nestin + cells in d28 grafts (Fig. 4B, C ) than in d42 grafts (Fig. 4E, F) . Interestingly, these immature cells were located in the graft core. The percentage of cells expressing Ki67, a marker of proliferating cells, was significantly higher in d28 grafts than in d42 grafts (0.84 ± 0.02% vs. 0.23 ± 0.13%; Fig. 4G ). Ki67 + cells in d28 grafts were also immunopositive for Vimentin (Fig. 4I) , indicating that immature neural or mesenchymal cells were proliferating. In contrast, Ki67 + cells in the d42 grafts were also Nestin + (Fig. 4H) , indicating that some of the grafted cells were still NPCs and a few were proliferating.
DA activity in grafts in an MPTP-treated monkey
Next, we examined in vivo differentiation of the grafted cells. TH + cells were located in the periphery of each graft (Fig. 5A, B) , and the density of TH + cells was higher in d42 grafts treated with Shh and FGF8 ( Fig. 5C, D; supplementary Figure 4 ). The total number of TH + cells was 3.07 × 10 4 and 1.26 × 10 5 in right and left side, respectively (Fig. 5C , supplementary Figure 4 ). These TH + cells also expressed markers for mature midbrain DA neurons, including Nurr1, VMAT2, DAT, Girk2, and Pitx3 (Fig. 5E-I) . The results suggest that d42 spheres treated with Shh and FGF8 efficiently generated midbrain DA neurons in the monkey brain. Dopamine synthesis, vesicle transport, and dopamine reuptake can be visualized in PET studies using [ 18 (E-G) Graft volume (E), number of TH + cells/graft (F), and number of TH + cells/mm 3 (G) in each condition are presented as means ± SEM (*P < 0.05, ANOVA; n = 4 and 7 for d28 grafts, 5 and 6 for d42 grafts with (+) or without (−) Shh and FGF8 treatment, respectively). All mice were sacrificed and analyzed at 6 months after transplantation. respectively [19, 20] . [ 18 F]DOPA-PET at 6 months after transplantation revealed higher Ki values in the d28 grafts, especially those treated with Shh and FGF8 (Fig. 5J, M) . This, however, may be a false-positive result owing to detection of 3-O-methyl-6-[ 18 F]fluoro-L-DOPA (OMFD; see discussion). In [ 11 C]DTBZ-PET and [ 11 C]PE2I-PET, ligand binding in the anterior putamen was relatively low (Fig. 5K, L) . This finding in the MPTP-treated monkey mirrors the pathology of PD in humans, which is initially characterized by impaired posterodorsal innervations [20] . Intriguingly, the binding potential of [ 11 C]PE2I increased after cell transplantation in d42(+) grafts, suggesting DA cell differentiation from the grafted NPCs (Fig. 5L, M) .
Finally, we evaluated the behaviors of the MPTPtreated monkey before and after NPC transplantation. We employed a previously described behavioral rating scale [6] , and observed a slight improvement 6 months after transplantation (Fig. 6A) . We also performed video-based analysis [17] of spontaneous movements by the monkey. The percentages of time spent making large-and medium-sized movements before transplantation were 0.8% and 7.1%, respectively. Six months later, the time spent making these types of movement increased to 1.0% and 8.9%, respectively (Fig. 6B) . The total amount of movement-measured based on changes in video pixels during a 30-min period-also increased after transplantation (898,690 to 995,642 affected pixels; Fig. 6C, D) . To distinguish between the effects in the right and left hemispheres, we performed a video-based analysis of the monkey picking up a raisin. We measured the duration of time spent reaching, grasping, and retracting with each arm (supplementary Figure 5 ). After 6 months, the monkey grasped the raisin and retracted the right arm more quickly (Fig. 6E) . Although we did not detect a statistically significant difference, the observed results may reflect more surviving DA neurons in the left striatum.
DISCUSSION
In this study, we used NOD-SCID mice and an MPTP-treated monkey to characterize transplanted human iPSC-derived NPCs. Our results show that human iPSCs incubated in feeder-free floating culture generated functional midbrain DA neurons. Moreover, only NPCs pretreated with Shh and FGF-8 followed by GDNF, BDNF, ascorbic acid, and dbcAMP resulted in a substantial number of functional DA neurons in the monkey's brain. Finally, MRI and PET allowed real-time monitoring of in vivo cell proliferation and activity.
In two recent studies, midbrain DA neurons were induced to develop from human iPSCs, but the method required coculture with mouse stromal feeder cells [1, 2] . Our feeder-free differentiation method would be more suitable if the cells are to be used clinically. Our mouse and monkey studies demonstrated that d28 spheres resulted in larger grafts at 6 months, suggesting that some NPCs remained immature and proliferated in the brain. These results were consistent with a previous study showing that human embryonic stems cells that differentiated into neurons on PA6 stromal feeder cells were less tumorigenic as the differentiation period increased [21] . The proliferating NPCs in the d28 spheres also generated TH + cells in the graft, whereas TH + cells in d42 spheres did not survive in the mouse brains probably because of issues related to xenografts between human and mice.
In contrast to the mouse studies, d42 spheres generated a substantial number of DA neurons in the monkey brain. Furthermore, treatment with Shh and FGF8 followed by BDNF and GDNF was required to generate mature DA neurons. As discussed above, d28 spheres that resulted in continuous proliferation of Vimentin + and Nestin + cells were too immature to generate mature DA neurons in the brain when such neurotrophic factors as BDNF and GDNF were absent. These results are consistent with previous studies showing good survival of DA neurons in allografts derived from mouse embryonic stem cells [12] and monkey embryonic tissues [22] undergoing neurogenesis into DA neurons. Intriguingly, d28 spheres treated with Shh and FGF8 produced larger grafts, which may reflect maintenance of Pax6 + rosette-forming neuroepithelial cells by Shh and FGF8 [23] . Yet even d42 spheres did not provide a perfect donor population, because some Nestin + cells were still proliferating in the core of the graft 6 months after transplantation. Therefore, safer and more efficient transplantation will require some modification of our approach, such as purifying DA neuron progenitors or promoting DA maturation in vivo.
PET has been extensively employed to elucidate functional changes associated with PD, and [ 18 F]DOPA-PET is the gold standard for assessing dopamine synthesis. In this study, however, uptake of [ 18 F]DOPA was much greater in d28 grafts even though they contained only a small number of TH + cells. The observed uptake may have reflected accumulation of OMFD, a major metabolite of [ 18 F]DOPA that penetrates the blood-brain barrier and accumulates in brain tumors [24] . Thus, high levels of [ 18 F]DOPA uptake in d28 grafts may indicate cell proliferation rather than dopamine synthesis, a particularly relevant consideration for stem cell transplantation. As demonstrated in this study, examining ligands for dopamine synthesis, transport, and reuptake reflects DA activity in the grafted NPCs. Furthermore, these approaches can also be used in human patients.
Patients with PD who received fetal cell grafts required at least 100,000 TH + cells in each putamen to achieve good clinical responses [5] . Because the monkey putamen is one-tenth the size of the human putamen [25, 26] , we estimated that 10,000 cells were needed for a monkey to recover from neurologic deterioration. Thus, the d42 grafts in this study should have contained a sufficient number of TH + cells (150,000 in total). Furthermore, some of the TH + cells that were located in the periphery region expressed Pitx3 + and Girk2 + , suggesting that they were A9 DA neurons and able to innervate striatum [27] . Behavioral improvements, however, were moderate in this study. This may reflect insufficient maturation of the majority of TH + cells or differentiation to an inappropriate fate (namely, into diencephalic or olfactory bulb DA neurons). The follow-up period post-transplantation may have been too short to allow the human neurons to functionally integrate into the brain. Alternatively, functional synapses may not form well in this xenotransplantation model. Finally, the remaining NPCs or other cell types in the graft (e.g., GABA neurons) may have suppressed the function of the iPSC-derived DA neurons.
In conclusion, we have successfully induced the development of DA neurons using a feeder-free culture method. Moreover, the cells survived for 6 months in the brain of a primate PD model. A substantial number of DA neurons were obtained from d42 spheres treated with Shh and FGF8 followed by BDNF and GDNF. We also developed a system to evaluate the transplanted cells using MRI and PET, behavioral analyses, and histologic examinations, all of which will be useful in preclinical research. Additional studies using other primate models and NPCs subjected to alternative pretreatment protocols will help elucidate the therapeutic potential of human iPSCs.
SUPPLEMENTARY METHODS
MRI scans
Before transplantation, a high-resolution T1-weighted image was obtained for each animal using a fast spoiled gradient-echo (FSPGR) sequence (TR = 7.812 ms, TE = 1.912 ms, TI = 600 ms, FA = 7 • , matrix = 128 × 128, field of view (FOV) = 102.4 mm, slice thickness = 0.8 mm), and examined to identify the injection site (posterodorsal striatum) in the grafts. After transplantation, T1-weighted, T2-weighted, and fluid-attenuated-inversion recovery (FLAIR) images were obtained with thicker slices and used to evaluate brain pathology qualitatively with a better signal-tonoise ratio. T1 images were obtained using an FSPGR sequence (TR = 7.504 ms, TE = 1.784 ms, TI = 600 ms, FA = 7 • , matrix = 128 × 128, FOV = 100 mm, slice thickness = 2 mm), T2 images were obtained using a fast spin echo sequence (TR = 5400 ms, TE = 101.024, FA = 90 • , matrix = 160 × 160, FOV = 100 mm, slice thickness = 2 mm), and FLAIR image were obtained using an inversion recovery sequence (TR = 8502 ms, TE = 83.22 ms, IR = 2800 ms, FA = 90 • , matrix = 160 × x160, FOV = 100 mm, slice thickness = 2 mm). Precursor and standard DTBZ were purchased from ABX (Radeberg, Germany). Radiochemical purities were greater than 99.5%, and specific activities were greater than 72.6 GBq/mol at the time of injection.
Preparation of PET ligands
Supplementary Figure 1 . Quantitative RT-PCRs to examine the expression of Sox2 (A), Klf4 (B), c-Myc (C), and Pax6 (D) in human iPSC-derived spheres.
